Sawaguchi, T. Attenuation of delay-period activity of monkey antagonists (yohimbine for a 2 , prazosin for a 1 , and propranprefrontal neurons by an a 2 -adrenergic antagonist during an oculo-olol for b receptors) with single-neuron recording during an motor delayed-response task. J. Neurophysiol. 80: 2200-2205, oculomotor delayed-response (ODR) task in monkeys. The 1998. To examine the role of norepinephrine receptors in spatial ODR task is sensitive to visuospatial working memory, and working memory processes mediated by the prefrontal cortex a subset of PFC neurons shows ''directional delay-period (PFC), noradrenergic antagonists (yohimbine for a 2 , prazosin for activity,'' which is considered to represent a memory field preferentially attenuates directional delay-period activity in task was initiated when the monkeys fixated on a central spot on a computer monitor and consisted of fixation (1 s), cue (1 of 4 neurons of the dorsolateral PFC, suggesting that the activaperipheral cues, 0.5 s), delay (fixation cue only, 4 s), and go tion of a 2 -adrenergic receptors in the dorsolateral PFC plays periods. In the go period, the subject made a memory-guided sac-a modulatory role in neuronal processes for visuospatial cade to the target location that was cued before the delay period. working memory.
a 1 , and propranolol for b receptors) were applied iontophoretically for visuospatial working memory processes (Funahashi et to neurons of the dorsolateral PFC in rhesus monkeys that peral. 1989 ). I found that antagonism of a 2 -adrenergic receptors formed an oculomotor delayed-response (ODR) task. The ODR preferentially attenuates directional delay-period activity in task was initiated when the monkeys fixated on a central spot on a computer monitor and consisted of fixation (1 s), cue (1 of 4 neurons of the dorsolateral PFC, suggesting that the activaperipheral cues, 0.5 s), delay (fixation cue only, 4 s), and go tion of a 2 -adrenergic receptors in the dorsolateral PFC plays periods. In the go period, the subject made a memory-guided sac-a modulatory role in neuronal processes for visuospatial cade to the target location that was cued before the delay period. working memory.
I focused on 49 neurons that showed directional delay-period activity, i.e., a sustained increase in activity during the delay period, the magnitude of which varied significantly with the memorized M E T H O D S target location. Iontophoretic (usually 50 nA) application of yohimbine, but not prazosin or propranolol, significantly decreased Three male rhesus monkeys (Macaca mulatta, Ç4.5 -6.5 kg, the activities of most of the neurons with directional delay-period KA, NA, and TA) were trained to perform an ODR task (Fig. 1A) . activity (n Å 41/49, 81%). Furthermore, yohimbine attenuated During sessions, the monkey sat in a monkey chair and faced a the sharpness of tuning, examined by a tuning index, of delay-multiscan 21-in. cathode ray tube monitor (PC-TV471, NEC, period activity and had a greater attenuating effect on delay-period Tokyo) placed Ç60 cm in front of him. The ODR task was started activity than on background activity. These findings suggest that when the monkey fixated on a central spot (ᮀ, 0.2Њ 1 0.2Њ) on the activation of a 2 -adrenergic receptors in the dorsolateral PFC the monitor. One second later, a visual cue (ᮀ, 0.5Њ 1 0.5Њ) was plays a modulatory role in neuronal processes for visuospatial presented for 0.5 s, followed by a delay period. The cue was working memory.
presented randomly at one of four peripheral locations (right, 0Њ; up, 90Њ; left, 180Њ; down, 270Њ) with an eccentricity of 15Њ. After a delay period of 4 s, the fixation spot was extinguished, which
instructed the monkey to make a memory-guided saccade to the location that was cued before the delay period (go period). A
The dorsolateral prefrontal cortex (PFC) of primates is correct response was rewarded by a drop of water 0.2 s after the involved in visuospatial working memory (for reviews see response. Trials were separated by an intertrial interval of 2 s. The Funahashi and Kubota 1994; Goldman-Rakic 1987 , 1995 , task and the recordings were controlled by a system consisting of and a subset of the neurons in this area shows a ''memory an infrared eye-camera system (R-21 C-A, RMS, Hirosaki, Japan), field'' that represents visuospatial working memory pro-two personal computers (PC9801 FE and PC9801 BX, NEC, cesses (Funahashi et al. 1989 PFC were also implicated in working memory by several neuronal activity were similar to those described in our previous lines of studies (Arnsten and Goldman-Rakic 1985; Li and studies (Sawaguchi 1987; Sawaguchi et al. 1990a ). Briefly, multiMei 1994; for a review, see Arnsten et al. 1996) . However, barreled glass micropipettes were used for extracellular recording it is almost completely unknown how a 2 -adrenergic recep-of neuronal activity and iontophoretic application of drugs. The tors are involved in neuronal processes for visuospatial central barrel of the micropipette, which contained a carbon-fiber working memory mediated by the dorsolateral PFC. filament (7-mm diam; T-300, Toray, Tokyo), was filled with 0.9% saline and used to record neuronal activity. The surrounding barrels I combined iontophoretic application of norepinephrine FIG . 1. A: oculomotor delayed-response (ODR) task used in the present study, which required monkeys to make a memory-guided saccade to a remembered target location (right, up, left or down; 15Њ in eccentricity) that was cued before a brief delay period of 4 s. B: points of penetration of the micropipette illustrated on the surface of the left PFC. Data from 3 hemispheres were combined based on cortical sulci. PS, principal sulcus; AS, arcuate sulcus.
were filled with, and used for iontophoretic application of, solutions To prevent leakage of the drugs, a backing current (2-5 nA) was applied continuously during the predrug control period and beof the following drugs: yohimbine hydrochloride (0.01 M, pH 5-6; Research Biochemicals International, Natick, MA), prazosin tween drug applications through the tip of each barrel containing drug solution. Neuronal activity could be recorded stably for sevhydrochloride (0.01 M, pH 5-6; Research Biochemicals International), propranolol hydrochloride (0.01 M, pH 5-6; Research eral trials, and there were no obvious changes in the shapes of spikes that appeared during drug application (see Sawaguchi et Biochemicals International), 0.9% saline (to balance the current), and other drugs such as SCH23390 and ketanserin for other studies al. 1990a). Furthermore, to identify the frontal eye field (FEF), intracortical microstimulation (ICMS, 11 or 22 cathodal pulses of (monkey TA was also used for studies other than the present iontophoretic studies). While the monkey was performing the ODR 0.2-ms duration at 333 Hz,°100 mA) was applied through the tip of the electrode; when eye movements were elicited by ICMS at task, the extracellular activity of single neurons was recorded with the micropipette. The neuronal activity was converted from A/D by a certain site, the site was considered to be located in the FEF.
The present data are for neurons located rostral to the FEF. a window-discriminator (DIS-1, BAK Electronics, Germantown, MD) for analysis with a personal computer. Raster displays and After extensive testing, the monkeys were deeply anesthetized with an overdose of pentobarbital sodium and perfused with physitime histograms, aligned at the onset of task periods, were constructed by the computer (usually, with a sampling rate of 50 ms), ological saline followed by formalin. The cortical surface was examined to detect the points of penetration. Figure 1B illustrates and the discharge rate during each period in the task was compared with the background discharge rate during the intertrial interval. the sites of penetration, at which the present data were obtained, on the surface of the left hemisphere. The sites on the right hemiWhen a neuron's discharge rates during both the early and latter halves (2 s, respectively) of the delay period were significantly sphere were homotopically transferred to the left side. Overall, 20 penetrations were made in the dorsolateral PFC of four hemihigher than the background discharge rate (Mann-Whitney U test, P õ 0.05), it was considered to show delay-period activity. Fur-spheres of the three monkeys (both hemispheres for monkey KA, left hemisphere for monkey NA, and right hemisphere for monkey thermore, when the delay-period activity of such a neuron differed significantly with the direction of the target (1-way analysis of TA). The points were scattered throughout the caudal one-half of the periprincipal sulcal area and the immediately adjacent cortex variance, ANOVA, P õ 0.05), it was judged to show directional delay-period activity. The activity of each task-related neuron was in the PFC, which has cytoarchitectural features of Walker's area 46 (Walker 1940) . recorded for ú16 successive trials, and then each of the drugs was applied with a current of 30-90 nA (usually 50 nA) for ú16 successive trials to examine the influence of the drug on task-R E S U L T S related neuronal activity. When the overall discharge rate of a neuron during task trials changed significantly during the applicaOf the 87 neurons recorded during ODR task performance, tion of a drug (P õ 0.05), the neuron was judged to be responsive I concentrate here on 49 neurons that showed directional to the drug. This comparison was performed with a Student's tdelay-period activity, i.e., a sustained increase in activity test; when there was a significant difference in variance, the Aspinduring the delay period, the magnitude of which differed activity is considered to represent a memory field at the nates). The discharge rate during the delay period differed significantly with the target direction (mean { SD spikes/ neuronal level for visuospatial working memory processes in which it plays a central role (Funahashi et al. 1989 ). s; 13.3 { 7.6 for right-target trials, 7.4 { 5.1 for uppertarget trials, 6.4 { 6.0 for left-target trials, 8.7 { 6.3 for Iontophoretic application of yohimbine with a 50-nA current attenuated the activities of most of these neurons (n Å 41/ down-target trials; ANOVA, P õ 0.001). Iontophoretic (50 nA) application of yohimbine significantly decreased the 49, 84%), and directional delay-period activity appeared to become diffuse during such application. Application with a overall activity during task trials (8.3 { 5.9 vs. 4.7 { 4.3; t-test, P õ 0.001) as well as delay-period activity (9.1 { higher current intensity (i.e., 30 nA vs. 50 nA and/or 50 nA vs. 90 nA, tested for 8 neurons) had a greater attenuating 6.8 vs. 4.8 { 4.1; P õ 0.001). The background activity during the intertrial interval was also decreased (6.5 { 6.3 effect on the activities. In contrast with yohimbine, iontophoretic application of prazosin or propranolol with a 50-nA vs. 5.0 { 4.3; P õ 0.05), although to less of a degree than delay-period activity (i.e., 023% vs. 047% for average current had no clear effect on most of the neurons tested (n Å 11/14 and n Å 17/19, respectively), and the results delay-period activity for all directions and 023% vs. 062% for the right direction, which was associated with the maxiwith these drugs will be described only briefly.
An example of the effect of yohimbine on a neuron with mal delay-period activity). Furthermore, the directional difference in delay-period activity became insignificant during directional delay-period activity is shown in Fig. 2 . Figure  2A shows averaged histograms and raster displays for pre-the application of yohimbine (5.1 { 3.8 for right-target trials, 4.7 { 3.7 for upper-target trials, 4.6 { 4.6 for left-target drug control activity and for activity with the iontophoretic (50-nA) application of yohimbine. Figure 2B shows polar trials, 4.8 { 4.2 for down-target trials; ANOVA, P Å 0.89, NS). Indeed, the significant increase in activity during the plots of delay-period activity together with the background discharge rate (solid cross). This neuron showed a sustained delay period for right-target trials was almost completely inhibited to close to the background discharge rate during increase in activity during the delay period, particularly for trials with the right target location (i.e., 0Њ in polar coordi-the application of yohimbine. (50 nA) application of yohimbine on the tuning index for PFC neurons that showed directional delay-period activity. The values of the tuning index with yohimbine are plotted against those without it for neurons whose activities were significantly affected by the application of yohimbine. Most of the data points are located below the 45Њ line, indicating that yohimbine decreased the tuning index for most of the neurons. B: percent changes in the discharge rate caused by the iontophoretic (50 nA) application of yohimbine for delay-period activities and background activities. The percent changes in the discharge rate during the delay period are plotted against those of the background activity for the neurons affected by yohimbine. Most of the data plots fall below the 45Њ line, which indicates that yohimbine had a greater attenuating effect on delay-period activity than on background activity for most of the neurons.
To further examine the characteristics of the effect of ground activity for neurons affected by yohimbine. In Fig.  3B , the percent changes in the discharge rates during the yohimbine on directional delay-period activity, a tuning index (TI) was calculated as follows delay period are plotted against the percent changes in the background activity for these neurons. The data for delay-
period activity are for the preferred direction. As shown in Fig. 3B , most of the data points fall below the 45Њ line, where ''preferred'' is the average discharge rate during the indicating that the application of yohimbine had a greater delay period for the preferred direction associated with the attenuating effect on delay-period activity than on backmaximal delay-period activity and ''unpreferred'' is that for ground activity. In about one-fourth of the neurons (n Å 10/ the unpreferred direction (usually opposite the preferred di-41, 24%), background activity was either increased (n Å rection) associated with the minimal delay-period activity;
3) or not affected (n Å 7) by yohimbine, although it signififor 13 neurons it was significantly lower than the background cantly decreased delay-period activity. On average, the peractivity (P õ 0.05), which is consistent with data reported cent decrease in delay-period activity was significantly by Funahashi et al. (1989) . Thus, TI quantitatively repregreater than the percent change in background activity sents the sharpness of the tuning of directional delay-period (057.3 { 22.7% vs. 035.3 { 28.2%, paired-t-test, P õ activity; its ranges from 0 to 1, and larger values indicate 0.001). Thus, yohimbine significantly attenuated the tuning greater sharpness of such tuning. For the neuronal activity index of directional delay-period activity and had a greater shown in Fig. 2 , TI was greatly decreased by yohimbine attenuating effect on this activity than on background (Ç86%), from 0.35 for predrug control activity to 0.05 for activity. activity with yohimbine (Fig. 2B) . In Fig. 3A , the TI value To examine the pharmacological specificity of yohimbine, with yohimbine is plotted against the predrug TI value for propranolol and prazosin were also applied to some of the each neuron (n Å 41) whose overall activity was signifineurons with directional delay-period activity. Typical data cantly decreased by the iontophoretic (50 nA) application are shown in Fig. 4 . Only the activities for the preferred of yohimbine. Most of the data points are located below direction are shown for simplicity (i.e., right direction for the 45Њ angle, indicating that TI was decreased during the Fig. 4A and upper direction for Fig. 4B ). Figure 4A shows application of yohimbine for most of the neurons. The avera typical result with propranolol. Iontophoretic (50 nA) apage difference in TI values between predrug activity and plication of yohimbine significantly decreased the activity activity with yohimbine was statistically significant (mean { of this neuron, and the extent of the decrease was greater SD, 0.21 { 0.09 vs. 0.08 { 0.07, paired-t-test, P õ 0.001).
with a 50-nA current than with a 30-nA current, i.e., the Furthermore, to examine the degree to which yohimbine effect of yohimbine was dose dependent (average discharge affected delay-period activity and background activity, I rate, mean { SD spikes/s, 8.9 { 5.67 for predrug control compared the percent changes in the discharge rate during trials; 3.2 { 1.9 for yohimbine with a 50-nA current, P õ the delay period (relative to predrug control activity) during the application of yohimbine with the changes in the back-0.001, compared with the control; 4.9 { 3.7 for yohimbine J1001-7RC / 9k2d$$oc07 09-17-98 10:04:33 neupa LP- Neurophys FIG . 4 . Effects of iontophoretic application of propranolol (A) and prazosin (B) on the activity of 2 different PFC neurons that were affected by yohimbine. Raster displays and averaged histograms, aligned by the events of the task, for the activity before (control) and during drug application are shown. Only the activities associated with the preferred direction (i.e., right for A and up for B) are illustrated for simplicity. F, fixation period; C, cue period; D, delay period; G, go period from the onset of the go signal to the onset of reward delivery.
with a 30-nA current, P õ 0.001, compared with the control, are critical for visuospatial working memory should be attenuated. However, because yohimbine also attenuated the P õ 0.001, compared with yohimbine with a 50-nA current). However, the application of propranolol with a 50-nA cur-background activity for most of the neurons with directional delay-period activity, the modulatory role of a 2 -adrenergic rent did not significantly affect the activity (9.1 { 5.7 with propranolol, NS, compared with the control). Propranolol receptors appears to be modest. was tested in 19 neurons with directional delay-period activBoth norepinephrine-containing fibers and a 2 -adrenergic ity and had no clear effect on most of the neurons tested (n Å receptors are prominent in the dorsolateral PFC of primates 17/19). Furthermore, as with propranolol, iontophoretic (50 (Goldman-Rakic et al. 1990; Lewis and Morrison 1989) . A nA) application of prazosin also had no clear effect on the behavioral pharmacological study (Arnsten and Goldmanactivities of most of the neurons tested (n Å 11/14). Figure Rakic 1985 ) demonstrated that intramuscular injection of 4B shows a typical result with prazosin. Iontophoretic appli-the a 2 -adrenergic receptor agonist clonidine improved percation of yohimbine with 50 nA significantly decreased the formance in a manual delayed-response task in aged monactivity of this neuron (10.6 { 5.6 for predrug control vs. keys. This improvement was antagonized by yohimbine, and 6.9 { 4.2 for yohimbine, P õ 0.001). In contrast, application the effect of clonidine disappeared when the dorsolateral of prazosin with a 50-nA current had no significant effect PFC was surgically removed. Furthermore, intracerebral in-(9.7 { 6.5, NS, compared with the control).
fusion of yohimbine into the PFC of monkeys appears to impair the performance of a manual delayed-response task (Li and Mei 1994) . More recently, we reported that local
